Abstract Aim of the work: The aim of this study was to assess the utility of apparent diffusion coefficient obtained in diffusion-weighted MR imaging for the differentiation between benign and malignant vertebral lesions, and to determine the sensitivity and the specificity in differentiating benign and malignant vertebral lesions according to the optimal cutoff ADC value. Patients and methods: In 50 patients, 96 vertebral lesions were included and underwent DW MR Imaging. The mean ADC values of normal and abnormal vertebrae were calculated. The optimal cutoff ADC value was determined for the differentiation of benign and malignant lesions. The results were correlated with histopathological and surgical findings. Results: The mean ADC value of benign lesions was significantly higher than that of malignant ones (P < 0.05). There was an overlap between the mean ADC values of malignant and tuberculous lesions. According to the optimal cutoff value of 1.21 · 10 À3 mm 2 /s, determined for the differentiation of benign and malignant vertebral lesions, sensitivity was 95.12%, specificity 92.73%, positive predictive value 90.70%, and negative predictive value 96.23%. Conclusion: Vertebral lesions were differentiated as benign or malignant with high sensitivity and specificity with the aid of ADC values calculated from maps obtained by DWI.
Introduction
Invasion of the fatty bone marrow by primary malignant tumors, metastatic malignancies, acute benign and malignant compression fractures, and infectious conditions causes similar signal changes in routine magnetic resonance imaging (MRI) studies (1) .
Although MRI has a high sensitivity in delineating the pathology, its specificity is low. Osteoporotic and metastatic compression fractures may be mistaken for each other in the acute phase. Edema in the acute phase of benign fractures may replace normal bone marrow and cause hypointense signal changes in T1-weighted images and hyperintense signal changes in T2-weighted images, at the same time taking contrast material. These changes are also typical for metastasis and cause confusion in diagnosis when only one lesion is present (2) .
It is quite important to determine whether a compression fracture has a malignant or a benign cause, especially in patients with a primary malignancy. This is because compression fractures depending on osteopenia develop in these patients at a rate of one-third (3) .
Pyogenic bacteria and tuberculosis infections are the most common causes of spondylodiscitis (4) . Infections can sometimes be difficult to diagnose, especially when there is isolated vertebral body involvement without any soft tissue component, and adjacent disk involvement (5) . Therefore, in order to plan appropriate therapy according to the precise diagnosis, the patients are exposed to invasive interventions such as biopsy (1) .
Diffusion-weighted imaging (DWI) has recently appeared as a new method of screening in characterizing lesions without necessitating contrast material and in evaluating the vertebrae quantitatively (6, 7) .
Diffusion-weighted-imaging (DWI) provides microscopic information from water protons which is not possible using conventional magnetic resonance imaging (MRI). DWI measures the random (Brownian) extra, intra and transcellular motion of water molecules (8) .
A loss of signals on DWI occurs as a result of the microscopic movements of the molecules in the diffusion-sensitivity sequences, and this loss is measured by calculating the ADC. The ADC depicts the specific diffusion capacity, microscopic structure, and organization of a biological tissue (6, 9) .
Apparent-diffusion-coefficient (ADC) is a quantitative parameter calculated from DWI that combines the effects of capillary perfusion and water diffusion (10) . ADC value is calculated for each pixel of the image and is displayed as a parametric map. By drawing regions of interests on these maps, the ADCs of different tissues can be derived (11) .
Some studies have been able to differentiate acute benign compression fractures from malignant induced compression fractures according to ADC values (2, 3, (12) (13) (14) (15) . In a comparatively small number of surveys, ADC values have been studied in discriminating the infectious lesions from the malign lesions (3, 4, 16) . So the purpose of this study was to assess the utility of apparent diffusion coefficient obtained in diffusion-weighted MR imaging for the differentiation between benign and malignant vertebral lesions, and to determine the sensitivity and the specificity in differentiating benign and malignant vertebral lesions according to the optimal cutoff ADC value.
Patients and methods

Patients
From July 2013 to September 2014, 50 patients (31 males and 19 females, with mean age of 58.45 years and the age ranged from 22 to 87 years) presenting with vertebral collapse in one or more vertebral body on conventional MR sequences were included.
The study protocol was approved by the ethics committee of Tanta University. Written consent was obtained from all the patients to participate in the study.
A total of 50 patients found to have 96 vertebral lesions were included in this study. The vertebral CFs were classified according to the etiology into three groups as acute benign CFs (Group 1), infectious CFs (Group 2) and malignant CFs (Group 3), and the number of lesions in each group was 33, 22 and 41, respectively. Compression fractures were considered acute if they occurred within 4 weeks prior to presentation. Of the acute benign CFs, 13 were osteoporotic (diagnosed by bone densitometry and none of the osteoporotic patients had a history of serious trauma or malignancy) and 20 were acute traumatic (with a history of serious trauma and no history of osteoporosis or malignancy), of the infectious group, 17 were pyogenic spondylodiscitis and 5 lesions were tuberculous (diagnosed by history, imaging methods and confirmed by laboratory findings). The malignant group was composed of 41 lesions, of them 31 were metastatic vertebral fractures. The primary neoplasms included breast carcinoma in 14 lesions, lung carcinoma in 10 lesions, renal cell carcinoma in 4 lesions, prostate carcinoma in 2 lesions and thyroid carcinoma in 1 lesion. 10 lesions were due to primary neoplasms of the spine (chordoma in 4 lesions, myeloma in 3 lesions, lymphoma in 2 lesions and plasmacytoma in 1 lesion).
The primary focus of all metastases and primary malignant tumors were histopathologically proven with biopsies. Dense sclerotic vertebrae were excluded from the study module. Also in 45 patients, one vertebral body without pathologic SI on MR images was examined, and it served as an internal control. Overall, 96 vertebral lesions and 45 normal vertebrae were evaluated.
Methodology
All patients were subjected to the following:
1. Complete history taking: full systemic examination, neurological examination, and laboratory investigations. 2. Plain X-ray of the spine: was done for 20 patients. 3. Magnetic resonance imaging: conventional vertebral column MRI examinations were performed for all patients using a 1.5 Tesla MRI apparatus (General Electric SIGNA) and multi-section fast spin echo pulse sequences with different repetition time (TR) and echo delay time (TE) to obtain T1 and T2 WI as follows: A scout T1 WI sagittal view to verify the precise position of lesion.
Then multiple pulse sequences in all three orthogonal planes were used to obtain sagittal images followed by axial images. Coronal images were done based on the pathology in 7 cases. In 20 patients, Gd-DTPA (Magnevist) was administered by means of intravenous injection at a dose of 0.2 ml/kg. After injection of Gd-DTPA, short TR/TE images (T1 WIs) in at least two orthogonal planes were obtained. We must obtain both sagittal and axial T1-WIs before and after contrast injection to ensure precise comparison between the same regions of interest. We must complete the postinjection images within the first 20 min following I.V. contrast injection. In quantitative study, an imaging slice was chosen, mean of five circular regions of interest were located on the center of the lesion, as well as the peripheral portion. The ROI placed in the restricted or free diffusion part of vertebra also to the soft tissue component, mean ADC value is calculated for each, the ROI was placed by two marrow radiologists with consensus. The optimal cutoff ADC value to separate the benign group (acute benign compression fractures and spondylitis) from the malignant group (metastasis and malignant compression fractures) was determined by receiver operating characteristic (ROC) analysis. Sensitivity, specificity, and positive and negative predictive values were calculated according to this threshold value.
Also in 45 patients, one vertebral body without pathologic SI on MR images was examined, and it served as an internal control. If a patient presented with one or more vertebral compression fractures, they were evaluated separately.The analysis was qualitative (using variation in signal intensities) as well as quantitative (using ADC measurement) and possible benign or malignant etiology was suggested. The imaging diagnosis was confirmed with histopathological correlation and surgery.
Statistical analysis
Statistical analysis was carried out with the Statistical Package for the Social Sciences for Windows 16.0 (SPSS). The results are presented as mean and standard deviation. Comparisons for a difference in ADC values of lesion subgroups were conducted with an unpaired 2-tailed Student t-test. P value <0.05 was considered as the statistical significance level. The optimal cutoff ADC value to separate the benign group (acute benign compression fractures and spondylitis) from the malignant group (metastasis and malignant compression fractures) was determined by receiver operating Vertebral compression fractures (CFs) were classified according to the etiology into three groups, Group 1 included acute benign CFs (13 were osteoporotic CFs and 20 acute traumatic), Group 2 included infectious spondylodiscitis (17 CFs were due to pyogenic spondylodiscitis and 5 due to tuberculous spondylodiscitis) and Group 3 included malignant CFs (31 were due to metastatic and 10 due to primary spinal neoplasms) Table 2 .
All benign vertebral CFs (osteoporotic, acute traumatic and spondylodiscitis) were diffusely hypointense on T1WI, hyperin- tense on T2WIs and STIR sequences (Fig. 5A and B) . On diffusion weighted image (with respect to SI of normal bone marrow), out of 33 acute benign CFs (osteoporotic and acute traumatic), 25 (75.76%) were hypointense, 5 (15.15%) were hyperintense ( (Fig. 5C ) and 3 (9.09%) were isointense. Among the infectious group, hyperintense signal was observed in all tuberculous lesions ( (Fig. 2D) . In pyogenic spondylodiscitis, hyperintense signal was detected in 10 lesions ( (Fig. 1D) and hypointense signal in 7 lesions. Hyperintense signal was observed in all malignant lesions (Figs. 3D and Fig. 4E ) Table 2 .
The mean ADC value of normal vertebrae was 0.50 ± 0.19 · 10 À3 mm 2 /s. No statistically significant difference was found for the mean ADC value of normal vertebrae between patients groups (P = 0.757, P > 0.05) Table 3 . 
Evaluation of benign and malignant vertebral lesions
The mean ADC value of fractured vertebrae was 1.65 ± 0.59 · 10 À3 mm 2 /s. Statistically significant difference was found between the mean ADC value of normal and fractured vertebrae (P = 0.0001, P < 0.05) Table 3 .
The mean ADC value of the 33 acute benign compression fractures was 1.98 ± 0.44 · 10 À3 mm 2 /s (Fig. 5D) . The mean ADC value of the 22 spondylodiscitis lesions was 1.52 ± 0.14 · 10 À3 mm 2 /s (Figs. 1E and 2E) . The mean (Fig. 3E) . The mean ADC value of the 10 malignant compression fractures was 0.82 ± 0.31 · 10 À3 mm 2 /s (Fig. 4F ) Table 3 . The mean ADC values of the acute benign compression fractures and pyogenic spondylodiscitis were significantly higher than that of the malignant compression fractures (P = 0.0001, 0.007; respectively) Table 4 .
The mean ADC value of tuberculous spondylodiscitis was 0.91 ± 0.38 · 10 À3 mm 2 /s, with an overlap with the mean ADC value of malignant CFs (0.75 ± 0.23 · 10 À3 mm 2 /s), and there was a statistically non-significant difference (P = 0.143, P > 0.05). There was a statistically significant difference between all benign CFs and malignant ones (P = 0.002, P < 0.05) Table 4) .
A threshold value was determined, using the ROC, in order to differentiate benign lesions from malignant ones. The threshold value for the mean ADC value was found to be 1.21 · 10 À3 mm 2 /s. Sensitivity, specificity, positive and negative predictive values were calculated from this threshold value. When 1.21 · 10 À3 mm 2 /s was used as the threshold value, the mean ADC values of 4 of the 55 benign lesions were below it, and 2 of the 41 malignant lesions were above it Table 5 .
According to the optimal threshold value of 1.21 · 10 À3 mm 2 /s set to differentiate vertebral bone marrow lesions as benign or malignant, sensitivity was found to be 95.12%, specificity 92.73%, positive predictive value 90.70%, and negative predictive value 96.23% (see Fig. 6 ).
Discussion
In our study, 50 patients with 96 vertebral lesions were included. Vertebral compression fractures were classified into three groups according to the etiology Group 1 (acute benign CFs), Group 2 (infectious CFs) and Group 3 (malignant CFs), the number of CFs in each group was 33, 22 and 41, respectively. Of the acute benign group, 13 CFs were osteoporotic and 20 were acute traumatic. Of the infectious group, 17 CFs were due to pyogenic spondylodiscitis and 5 were due to tuberculous spondylodiscitis. Of the malignant group, 31
CFs were metastatic fractures and 10 were due to primary spinal neoplasms.
In our study, there were 31 (62%) males and 19 (38%) females, with a mean age of 58.45 years. Fractures of lumbar, thoracic and cervical regions were encountered in 54 (56.25%), 40 (41.67%) and 2 (2.08%) patients, respectively. L1 was the most commonly fractured vertebra (23 fractures, 23.96%) and the second most commonly fractured vertebra was T12 (20 fractures, 20.83%) These results were similar to that reported by Turna et al. (17) .
In the current study, qualitative assessment of fractured vertebrae on DWI sequence showed that, out of 33 acute benign CFs (osteoporotic and acute traumatic), 25 (75.76%) were hypointense. Among the infectious group, hyperintense signal was observed in all tuberculous spondylodiscitis (5 lesions). In pyogenic spondylodiscitis, hyperintense signal was detected in 10 CFs and hypointense signal in 7 fractures. Hyperintense signal was observed in all malignant CFs.
Our findings were similar to that reported by Fawzy et al. (18) and Castillo et al. (19) but differed from that reported by Turna et al. (17) who stated the majority of benign CFs showed Hyperintense signal on DWI sequence. This disagreement might be due to application of the lower b-values with different sequences by other authors.
The mean ADC value of normal vertebrae was 0.50 ± 0.19 · 10 À3 mm 2 /s. No statistically significant difference was found for the mean ADC value of normal vertebrae between patients groups (P = 0.757, P > 0.05). These results were in agreement with Turna et al. (17) .
In this study, we found that the mean ADC value of fractured vertebrae was found to be 1.65 ± 0.59 · 10 À3 mm 2 /s, which was significantly higher than that of normal vertebrae (0.50 ± 0.19 · 10 À3 mm 2 /s) (p < 0.0001), which is suggestive of low diffusibility in the normal vertebral fatty marrow. These results were similar to other studies (17, 18) .
Fatty bone marrow is replaced by tumor cells, restricting the diffusion of free water molecules, and, accordingly, its ADC values are low. Benign acute vertebral fractures possess an increased amount of free water in the interstitial space, and they indicate increased water diffusion. Therefore, their ADC values are high (20) . In the current study, we found that the mean ADC value of acute benign compression fractures (1.98 ± 0.44 · 10 À3 mm 2 / s) was statistically higher than those of malignant compression fractures (0.75 ± 0.23 · 10 À3 mm 2 /s) (P < 0.0001). Our results support studies made by using quantitative ADC values in the literature (2, 3, (13) (14) (15) 21, 22) .
In Wonglaksanapimon et al. (14) , 7 malignant compression fractures and 32 benign compression fractures were evaluated. The discrepancy between the ADC values of the benign and malignant compression fractures was statistically significant (P < 0.0001). The results of our study were similar.
Chan et al. (13) found no overlap between the ADC values of acute benign and malignant fractures, and detected a statistically significant difference between their ADC values. Our results were similar in that there was a significant difference between the ADC values of acute benign and malignant fractures and an absence of overlap.
In contrast to our results, Turna et al. (17) concluded that ADC values were found to be unhelpful in differentiating benign and malignant compression fractures with the presence of an overlap (P = 0.157). This controversy might be related to technical differences between studies and different disease stages of each pathological entity.
In our study, the mean ADC value of pyogenic vertebral lesions was 1.71 ± 0.12 · 10 À3 mm 2 /s and was significantly higher than that of malignant lesions (0.75 ± 0.23 · 10 À3 mm 2 /s) (P = 0.007) with an absence of overlap. In the À3 mm 2 /s and were significantly higher than malignant lesions (P < 0.0001). Also they reported only 2 of the 23 vertebral infectious lesions displayed ADC values overlapping with malignant lesions. In contrast to our results, Balliu et al. (3) and Fawzy et al. (18) stated that the ADC values of infectious lesions and malignant lesions coincided and therefore they could not differentiate them. Our study revealed that the mean ADC value of the 5 tuberculous lesions was 0.91 ± 0.08 · 10 À3 mm 2 /s with a non-significant difference with that of malignant lesions (P = 0.143) and the presence of an overlap between tuberculous and malignant lesions.
In agreement with our study, Palle et al. (5) found the mean ADC values of 128 vertebral tuberculosis lesions in 56 patients to be 1.4 · 10 À3 mm 2 /s and when they took this value as a cutoff in the discrimination of malignant lesions, they found 64.8% sensitivity, 75% specificity, and 74.5% positive predictive values. However, due to the fact that this ADC value displays values overlapping with the ADC values of metastatic vertebral lesions, they emphasized that the ADC values should be evaluated with the clinical history and routine MR findings.
These results were quite similar to ours, but there were some limitations in this comparison since the number of tuberculous lesions in our study was small compared to Palle et al. (5) .
In the current study, we were able to differentiate malignant and benign lesions with sensitivity of 95.12%, specificity of 92.73%, positive predictive value of 90.70%, and negative predictive value of 96.23% with an optimal cutoff value of 1.21 · 10 À3 mm 2 /s. This result was in agreement with Taskin et al. (20) who stated that according to the optimal cutoff value of 1.32 · · 10 À3 mm 2 /s, determined for the differentiation of benign and malignant vertebral bone-marrow lesions, sensitivity was 96.5%, specificity 95.2%, positive predictive value 96.5%, and negative predictive value 95.2%.
There were some limitations in our study since the number of lesions representing each etiological group was small and we need more series with large number of lesions to validate our results. Also DWI MRI was applied with only one sequence (SE-EPI) and one b-value (1000 s/mm 2 ).
Conclusion
Vertebral bone-marrow pathologies were differentiated as benign or malignant with high sensitivity and specificity with the aid of ADC values calculated from maps obtained by DWI.
